Upon pathogen infection, microbial killing pathways and cellular stress pathways are rapidly activated by the host innate immune system. These pathways must be tightly regulated because insufficient or excessive immune responses have deleterious consequences. Increasing evidence indicates that the nervous system regulates the immune system to confer coordinated protection to the host. However, the precise mechanisms of neural-immune communication remain unclear.
. These molecules are regarded as markers of immune responses because they are positively regulated in various organisms exposed to a broad range of pathogens. They are believed to be the immune effectors that act directly to fight off infection, although only a few markers have been demonstrated to have such activities [7] [8] [9] . Upon pathogen infection, cellular stress pathways and microbial killing pathways are rapidly activated by the host innate immune system. These pathways must be tightly regulated as insufficient immune responses exacerbate infection, whereas excessive immune responses lead to prolonged inflammation, tissue damage and death. For example, in C. elegans, loss of the XBP-1-dependent UPR in the presence of pathogens leads to disruption of morphology of the endoplasmic reticulum (ER) and larval lethality 10 , while under physiological conditions results in constitutive ER stress 11 . Hyperstimulation of the p38 MAPK pathway is also toxic to C. elegans 12 . In humans, dysregulated innate immune responses have been linked to a myriad of human health concerns such as sepsis, autoimmune disease and chronic inflammatory disease. Increasing evidence indicates that the nervous system regulates the immune system to confer coordinated protection to the host [13] [14] [15] . Recent studies on neuronal G protein-coupled receptors (GPCRs) highlight the roles of specific neurons in the regulation of immune responses [16] [17] [18] [19] . C. elegans deficient in NPR-1, a homologue of the neuropeptide Y receptor in mammals, shows decreased innate immune responses to infections by Pseudomonas aeruginosa, Salmonella enterica or Enterococcus faecalis but enhanced immune defense against Bacillus thuringiensis 16, 19 . This suggests that the NPR-1-expressing neurons regulate innate immunity to certain pathogens. We have demonstrated that loss of expression of OCTR-1, a putative catecholamine GPCR, in the nematode's sensory ASH and ASI neurons increases innate immune responses to P. aeruginosa, indicating that OCTR-1 functions in ASHs and ASIs to suppress innate immunity 17, 18 . This regulation is partially achieved by down-regulating gene expression of the p38 MAPK pathway and the UPR pathways in pharyngeal and intestinal tissues that are the primary line of defense against microbial pathogens. It is currently unknown how the immuno-modulatory signals are relayed from ASH/ASI neurons to the non-neuronal tissues. The above studies investigated transcriptional regulatory mechanisms underlying neural regulation of innate immunity; however, it remains unclear how such regulation operates at the protein level.
Although one might expect a direct correspondence between mRNA transcripts and protein expression 20 , recent studies have shown that the mRNA-protein correlation can be low. Transcriptomic and proteomic studies under similar conditions often reported that only a small overlap exists between differentially regulated genes and proteins [21] [22] [23] [24] [25] [26] . There are several reasons for this discordance. First, technological biases lead to a much lower proteome coverage than transcriptome coverage 27, 28 . The most widely used technologies for transcriptomic profiling are DNA microarray and RNA sequencing. Mass spectrometry techniques are used for proteomic profiling. Technical resolution at the proteome level is much more constrained, resulting in identification of only those proteins with high difference in abundance. Second, physical properties of transcripts influence translation. For example, transcripts with weak Shine-Dalgarno (SD) sequences are translated less efficiently 29, 30 . Third, codon bias affects the mRNA-protein correlation 31, 32 . Fourth, ribosome-density, the number of ribosome in a transcriptional unit, has a major influence on efficiency of translation [33] [34] [35] . Finally, the correlation between half-lives of mRNAs and proteins is low 36 . For example, post-translational modifications significantly influence the stability of proteins. While RNA can serve as direct biological effectors, proteins are the effectors of most biological functions. Genome-wide analysis at the protein level is, therefore, a more direct reflection of gene expression.
Since the first use of the P. aeruginosa-C. elegans model for pathogenesis research in 1999 37, 38 , a number of transcriptomic studies have been carried out to investigate the nematode's innate immunity [39] [40] [41] [42] . In the current work, we examine how C. elegans responds to P. aeruginosa infection and how the nervous system regulates those responses at the protein level.
Results

P. aeruginosa infection induces proteomic changes in C. elegans.
To investigate how C. elegans responds to P. aeruginosa infection at the protein level, we compared the proteomes of infected wild-type N2 worms to those of uninfected controls using a label-free quantitative proteomics approach. A schematic diagram of this approach is depicted in Fig. 1 . Five biological replicates of each experimental group were individually analyzed with high resolution nano-HPLC tandem mass spectrometry. Protein identification and quantification were done using Thermo Scientific Proteome Discoverer software. In total, 4,413 proteins were identified and quantified, among which 1,312 proteins were identified with high confidence (1% false discovery rate, FDR). The levels of these 1,312 proteins were statistically compared between experimental groups using TIGR Multiexperiment Viewer (MeV). The proteomics data are available via ProteomeXchange with identifier PXD004173.
Compared with the proteins identified in the uninfected wild-type worms, 53 proteins were significantly upregulated at least 1.5-fold in the P. aeruginosa-infected wild-type worms (Table 1) . Twenty-three of these proteins were only detected in the infected samples, indicating that their abundance was below the detection limit in the uninfected worms. We performed gene ontology (GO) enrichment analyses to identify significantly enriched biological processes using the web-based program Gorilla (http://cbl-gorilla.cs.technion.ac.il/) 43 . Analysis of the 53 upregulated proteins against a background of 1,312 proteins (the total number of proteins identified with high confidence) revealed 15 enriched biological processes, 14 of which involve the nematode's responses to infection or other external stimuli (Table 2) . For example, the most significantly enriched GO term is "innate immune response" (FDR = 8.7E-09, enriched 9.28-fold); and the highest enriched GO term is "defense response to Gram-negative bacterium" (FDR = 7.08E-05, enriched 12.85-fold) ( Table 2 ). As P. aeruginosa is a Gram-negative bacterium and known to trigger innate immune responses in C. elegans [39] [40] [41] 44 , these results validate the effectiveness of our proteomics approach for detecting differentially expressed proteins under infection conditions. We also found that 16 proteins were downregulated in P. aeruginosa-infected wild-type worms by more than 1.5-fold (Table S1 ). Gorilla analysis of these 16 proteins yielded no enriched GO terms.
The proteins upregulated by P. aeruginosa infection belong to a number of functional groups, as shown in Table 1 . These include markers of immunity, such as CUB-like proteins, C-type lectins, lysozymes, proteins containing ShK toxin domain, and glutathione s-transferases (GSTs). Immune markers are a set of genes/proteins that are positively regulated in various organisms in response to a wide range of pathogens; they are believed to be the immune effectors that enhance the host's ability to fight off pathogens 1, 2, 6, 45 . Many immune markers were discovered by transcription studies. Our finding that marker genes are also induced at the protein level suggests that these genes are biologically functional during immune response. When compared with three whole-genome transcription studies in the literature [39] [40] [41] , which used microarray to detect differentially expressed genes in C. elegans upon P. aeruginosa infection, nine out of the 12 marker proteins that were upregulated in our proteomics study are also induced at the transcript level (Table 1 ). 17, 18 . These studies were performed at the transcript level. To investigate how OCTR-1 regulates innate immunity at the level of protein expression, we examined the proteomic changes of octr-1(ok371) worms relative to wild-type worms exposed to P. aeruginosa. As shown in Table S2 , infection upregulated 113 proteins in the mutant worms. Twenty-three of these are immunity marker proteins, which almost doubles the number of the immune proteins induced in the wild-type worms (Table 3 versus Table 1 ). The result is consistent with an inhibitory role of OCTR-1 in innate immunity 17, 18 . Strikingly, all 12 immune proteins induced in wild-type worms are upregulated in octr-1 (ok371) worms, illustrating the high-degree reproducibility of our proteomics method. Besides the immune proteins, we also observed significant induction of proteins in the UPR pathway in octr-1(ok371) worms ( Table 3 ), demonstrating that OCTR-1 inhibits the UPR at the protein level. This correlates well with our previous genome microarray study that showed OCTR-1 suppresses the UPR at the transcript level 17, 18 . Knockdown of a number of UPR genes individually (abu-1, -7, -8, -12, -13, xbp-1, or Y41C4A.11) by RNA interference (RNAi) partially or fully rescued the mutant phenotype of octr-1(ok371) worms, i.e. decreased the immunity of the mutants to the wild-type level 17, 18 . Taken together, these results suggest that elevated UPR activity contributes to the enhanced immunity of octr-1 mutant worms. Interestingly, we observed significant induction of a number of proteins with functions in transcription, sulfur amino acid biosynthesis and translation in the mutant worms (Table 3 ). In contrast, abundance of these proteins in the wild-type worms did not change upon infection (Table 1) . We attribute the induction of these proteins in the mutants to the lack of OCTR-1. Therefore, in addition to the UPR, OCTR-1 also potentially regulates transcription, sulfur amino acid biosynthesis and translation in response to P. aeruginosa infection. Surprisingly, the abundance of the transcripts of these proteins remained unchanged in octr-1(ok371) relative to wild-type worms in our previous whole-genome microarray study conducted under the same infection conditions 17 , suggesting that induction of these proteins occurs at the post-transcriptional level. Because enhanced transcription, sulfur amino acid biosynthesis and translation likely promote protein synthesis, it is reasonable to speculate that higher protein synthesis activity is responsible for the upregulation of many proteins in octr-1(ok371) worms, which in turn triggers strong UPR in the mutants.
OCTR-1 modulates protein synthesis in response to P. aeruginosa infection. Dunbar et al. showed that translation of green fluorescent protein (GFP) was blocked in the intestine of C. elegans during P. aeruginosa infection through the use of transgene hsp-16.2::GFP as a reporter for translation activity 46 . To investigate if OCTR-1 plays a direct role in modulating protein synthesis, we used a similar transgenic GFP reporter Phsp-4::GFP(zcls4). The C. elegans hsp-4 gene encodes a homologue of mammalian BiP/GRP-78; and intestinal expression of the transgene Phsp-4::GFP(zcIs4) has been used as an indicator of the XBP-1-dependent UPR 18, 47 , which reflects protein accumulation and demand on protein folding in the endoplasmic reticulum. Previously we have demonstrated that upon P. aeruginosa infection, octr-1(ok371);Phsp-4::GFP(zcls4) animals exhibited significantly higher levels of GFP expression than Phsp-4::GFP(zcls4) animals ( Fig. 2 in Sun et al. 18 ). It is unclear whether the elevated GFP expression was due to upregulation of transcription or increased translation or both. To find out the cause of this phenomenon, we performed qRT-PCR to compare the levels of GFP mRNA in Phsp-4::GFP(zcls4) and octr-1(ok371);Phsp-4::GFP(zcls4) animals exposed to P. aeruginosa. As shown in Fig. 2 , the levels of GFP mRNA were not significantly different between the two strains, indicating that the elevated GFP expression in the octr-1 mutants was due to upregulation of translation, not transcription. Hence, OCTR-1 modulates protein synthesis in response to P. aeruginosa infection.
Protein synthesis factors are involved in the OCTR-1-dependent immunity. Eight ribosomal proteins (RPs) were upregulated by P. aeruginosa in octr-1(ok371) animals relative to wild-type animals, including RPS-1, RPS-11, MRPL-12, RPL-13, RPL-18, RPS-10, RPS-28, and K07C5.4 (Table 3) . Recent studies revealed the multifunctional roles of RPs ranging from protein synthesis to apoptosis [48] [49] [50] . Identification of these upregulated RPs raises an important question: do RPs play any roles in innate immunity? To answer this question, we knocked down the expression of the above RPs individually by RNAi in both wild-type and octr-1(ok371) animals, then measured the nematode's survival against P. aeruginosa infection, as well as their lifespan on a standard food source E. coli OP50. This approach allows us to determine gene contribution to immunity independently of possible functions important for development or lifespan. The RNAi experiment demonstrated that silencing the RPs in many cases led to delay in development or even to maternal sterility (Table S3 ). The results are in agreement with the previous studies in zebrafish that showed knockdown of many individual RPs causes cell death Continued or defective development 51, 52 . As components of ribosome, the expression of RPs is tightly regulated to provide the appropriate ratio between RPs and rRNAs as well as among RPs. Thus, perturbation of ribosome biogenesis results in ribosomal stress, which can trigger p53-dependent cell cycle arrest and apoptosis [53] [54] [55] . Nonetheless, we observed that RNAi of rps-1 did not alter the development (Table S3) or lifespan of C. elegans ( Figure S1 ), but strongly enhanced susceptibility to P. aeruginosa in octr-1 mutant animals and also exerted a subtle effect on the susceptibility of wild-type animals (Fig. 3A) . The result indicates that this RP plays a role in innate immunity of C. elegans, which adds value to the extraribosomal functions of RPs.
Besides the above RPs, two more proteins (RUVB-1 and EIF-3.J) involved in protein synthesis were upregulated in octr-1(ok371) animals compared to wild-type animals upon P. aeruginosa infection (Table 3 versus  Table 1 ). RUVB-1 is an AAA+ ATPase orthologous to the RUVBL1 family of ATPases and functions as a component of the Target of Rapamycin (TOR) signaling pathway that enables robust protein synthesis 56 . EIF-3.J is an orthologue of the j-subunit of human translation initiation factor EIF3 that participates in nearly all steps of translation initiation 57 . While RNAi of ruvb-1 caused developmental delay (Table S3) , knockdown of eif-3.j increased pathogen susceptibility in octr-1 mutants, whereas the same knockdown had no effects in wild-type animals (Fig. 3B ). This result indicates that EIF-3.J is important for the OCTR-1-controlled immunity.
Protein synthesis factors RPS-1 and EIF-3.J contribute to the elevated UPR in infected octr-1(ok371) animals. Because both RPS-1 and EIF-3.J have important roles in protein translation, lack of either protein is expected to reduce protein synthesis. This would also lower the elevated UPR in octr-1(ok371) animals exposed to P. aeruginosa. To test this prediction, we took advantage of the established correlation between intestinal expression of Phsp-4::GFP(zcls4) and XBP-1-dependent UPR 18, 47 , and used Phsp-4::GFP(zcls4) as a reporter to examine if knockdown of rps-1 or eif-3.j by RNAi could lower the elevated UPR in P. aeruginosa-infected octr-1(ok371);Phsp-4::GFP(zcls4) animals 18 . As shown in Fig. 4 , RNAi of rps-1 or eif-3.j in infected octr-1(ok371);Phsp-4::GFP(zcls4) animals significantly reduced Phsp-4::GFP expression, as compared to the control RNAi with an empty vector. The above result demonstrated that both RPS-1 and EIF-3.J contribute to the elevated UPR in P. aeruginosa-infected octr-1(ok371) animals, which in turn enhances their immunity. Because expression of the same transgene Phsp-4::GFP(zcls4) also reflects OCTR-1-dependent protein synthesis (Section 3 in Results), the contribution of RPS-1 and EIF-3.J in UPR can be attributed to their protein synthesis activity.
Translational inhibition by chemicals abolishes the OCTR-1-controlled innate immune responses.
Translational inhibition is a very common pathogenic attack strategy; consequently, response to such inhibition is a conserved form of host defense 46, [58] [59] [60] [61] . However, how this response is regulated in the host remains largely unknown. Because OCTR-1 downregulates protein synthesis activities, the OCTR-1 pathway could function to suppress excessive responses to translational inhibition or to restore protein homeostasis after infection. To test this possibility, we treated wild-type and octr-1(ok371) animals with translation inhibitors G418 and Hygromycin B. These chemicals have been used to mimic P. aeruginosa-mediated host translational suppression in C. elegans 46, 58 . We evaluated the effects of such inhibition by assessing: 1) expression levels of the OCTR-1-dependent immune genes; and 2) animal survival against the inhibition. Previously, we have shown that OCTR-1 suppresses innate immunity by downregulating the expression of non-canonical UPR abu (activated in blocked unfolded protein response) genes 17 . Here we examined the expression of seven abu genes by qRT-PCR, including abu-1, abu -7, abu-8, abu-12, abu-13, abu-14 and abu-15 . As shown in Fig. 5A ,B, G418 or Hygromycin B itself had various effects on the expression of abu genes in wild-type animals. Specifically, G418 downregulates abu-7, abu-12, abu-13 and abu-14 and upregulates abu-15, while Hygromycin B downregulates abu-1 and upregulates abu-12, abu-13 and abu-14. It is unclear why these translational inhibitors differentially regulate the abu genes. Nonetheless, a comparison of gene expression levels between G418-treated wild-type and octr-1(ok371) animals showed that abu-1, abu-7, abu-8, and abu-15 were significantly downregulated in the octr-1 mutants (Fig. 5A) . Similarly, a comparison of gene expression levels between Hygromycin B-treated wild-type and octr-1(ok371) animals showed that abu-1, abu-8, abu-12, abu-13, and abu-14 were significantly downregulated in the octr-1 mutants (Fig. 5B) . Interestingly, none of the abu genes increased expression in the inhibitor-treated octr-1(ok371) ;Phsp-4::GFP(zcls4) animals exposed to P. aeruginosa. Relative fold-changes for gfp transcripts were normalized to pan-actin (act-1, -3, -4 octr-1(ok371) animals compared to wild-type animals with or without treatments (Fig. 5A,B) . These results indicate that activation of the OCTR-1-controlled innate immune responses (i.e. upregulation of abu genes in octr-1 mutants relative to wild-type animals) is dependent on active translation. Despite lack of the OCTR-1-controlled immune responses, octr-1(ok371) animals are more resistant than wild-type animals to G418 or Hygromycin B treatment, although the chemical treatments shortened the survival time of both strains (Fig. 5C ). It is likely that the higher protein translation activities in the mutants offset some of the inhibitory effects of the chemicals, thus allow their longer survival than the wild-type strains. These results suggest that protein translation is important for the OCTR-1-controlled innate immunity.
Discussion
We have examined the proteomic changes in C. elegans upon P. aeruginosa infection using a label free quantitative proteomics approach. Fifty-three proteins were significantly upregulated in the infected wild-type worms relative to the uninfected controls. The data are in good agreement with the previously published transcriptomic studies [39] [40] [41] on the enrichment of innate immune proteins and enzymes involved in macromolecule metabolism (Table 1) . However, about 70% of the 53 proteins have no match in the transcriptomic data, including a set of nine proteins with known functions in development and a number of proteins with unknown functions (Table 1) . Whether these proteins play any roles in immunity or pathogenesis warrant further investigation.
Previously we have demonstrated that OCTR-1 functions in ASH and ASI neurons to suppress transcription of non-canonical UPR genes of the pqn/abu family 17, 18 . In the current proteomics study, we have identified ten PQN proteins, including PQN-22, PQN-24, PQN-27, PQN-32, PQN-41, PQN-51, PQN-52, PQN59, PQN-74 and  PQN87 . Surprisingly, none of these proteins have known functions in the non-canonical UPR pathway 17, 62 . Many abu and pqn genes that were found significantly upregulated in our previous genome microarray study 17 have not been identified at the protein level in the current proteomics study. This discrepancy is most likely caused by the different technologies used in the two studies. The C. elegans GeneChip (Affymetrix, Santa Clara, CA) was used in the genome microarray study, which examines the expression of 22,500 transcripts, while label-free quantitative nano-HPLC tandem mass spectrometry was used in the proteomics study, which only identified 4,413 proteins with 1,312 proteins identified with high confidence. Technical resolution at the proteome level is much more constrained than that at the transcriptome level, leading to a much lower proteome coverage than transcriptome coverage and identification of only those proteins with high difference in abundance 63 . Consistent with our genome microarray study 17 , here we show that OCTR-1 inhibits translation and the UPR at the protein level. Our RNAi experiments and functional assays support the following conclusions: 1) OCTR-1 inhibits expression of specific protein synthesis factors, such as ribosomal protein RPS-1 and translation initiation ; eif-3.j RNAi versus control RNAi: p = 4.8 × 10 −7 . p values < 0.05 are considered significant. Significant knockdown of rps-1 or eif-3.j expression by RNAi was confirmed by qRT-PCR (p < 0.001, Figure S3 ). factor EIF-3.J, which reduces infection-triggered protein synthesis and UPR; 2) upregulation of UPR proteins and elevated UPR in octr-1(ok371) animals contribute to their enhanced immunity; 3) RPS-1 and EIF-3.J contribute to the elevated UPR in infected octr-1(ok371) animals; and 4) activation of the OCTR-controlled immune response is dependent on active translation. The contributions of the upregulated protein synthesis activities to the enhanced immunity of infected octr-1(ok371) animals are two-fold: 1) higher protein synthesis activities lead to production of more immune proteins, which enhance the nematode's ability to fight off invading pathogens; and 2) increased protein production results in elevated UPR, which in turn improves the animal immunity. As translational inhibition is a very common pathogenic attack strategy and OCTR-1 has homology in various species including humans, the OCTR-1-dependent pathway may be a conserved signaling pathway that the nervous system uses to control protein homeostasis during host immune defense.
Materials and Methods
C. elegans and bacterial strains. The following C. elegans strains were cultured under standard conditions and fed E. coli OP50
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. Wild-type worms were C. elegans Bristol N2. Octr-1(ok371) and Phsp-4::gfp (zcIs4) strains were obtained from the Caenorhabditis elegans Genetics Center (University of Minnesota, Minneapolis, MN). The mutant octr-1(ok371);Phsp-4::GFP(zcIs4) was constructed using standard genetic techniques 18 . E. coli strain OP50 and P. aeruginosa strain PA14 44 were grown in Luria-Bertani (LB) broth at 37 °C.
C. elegans survival assay. C. elegans wild-type worms and mutants were maintained as hermaphrodites at 20 °C and fed with E. coli OP50 on modified nematode growth medium (NGM) agar plates (0.35% instead of 0.25% peptone) as described 64 . The bacterial lawn used for C. elegans killing assays were prepared by placing a 25 μ l drop of an overnight culture of the bacterial strains on modified NGM agar plates (3.5 cm diameter Petri plates). Plates were incubated at 37 °C for 16 hr. Plates were cooled down at room temperature for at least 1 hr before seeding with synchronized worms. The survival assays were performed at 25 °C and live worms were transferred daily to fresh plates. Worms were scored at the times indicated and were considered dead when they failed to respond to touch.
C. elegans infection and collection. Synchronized wild-type and octr-1(ok371) worms grown to L4 larval stage were infected with P. aeruginosa at 25 °C for 4 hr, as we described previously 17 . Infected worms and uninfected controls (on E. coli OP50) were collected and washed 5 times with M9 buffer in the presence of protease inhibitors (ProteaseArrest, G-Biosciences, St. Louis, MO) to remove surface bound bacteria. In the last wash, after centrifugation and removal of the supernatant, each worm pellet was immediately frozen in liquid nitrogen. -7, abu-8, abu-12, abu-13, abu-14 , and abu-15 expression in wild-type animals with or without exposure to G418 and in octr-1(ok371) animals exposed to G418. n = 3; bar graphs correspond to mean ± SEM. t-tests were performed between N2 + G418 and octr-1 + G418. *indicates significant difference. (B) qRT-PCR of abu -1, abu-7, abu-8, abu-12, abu-13, abu-14 , and abu-15 expression in wild-type animals with or without exposure to Hygrocymin B and in octr-1(ok371) animals exposed to Hygromycin B. n = 3; bar graphs correspond to mean ± SEM. t-tests were performed between N2 + G418 and octr-1 + G418. *indicates significant difference. (C) Wild-type and octr-1(ok371) animals were exposed to NGM/E. coli OP50 (control) or NGM/E. coli OP50 containing G418 or Hygromycin B, and scored for survival over time. Five biological replicates of infected and uninfected worms were collected. The frozen worm samples were submitted to the Tissue Imaging and Proteomics Laboratory at Washington State University (Pullman, WA) for mass spectrometry-based quantitative proteomics analyses.
Protein sample preparation. The worm pellet was ground into fine powder using a single 2.8 mm i.d. steel ball with a TissueLyser II (Qiagen, Valencia, CA) at a frequency of 30 Hz for 30 sec, followed by the addition of 100 μ l extraction solvent of PBS buffer, pH 7.5, with protease inhibitor and vortexing. Supernatants were collected after centrifugation at 16,000 × g (10 min, 4 °C). Protein was then quantified with a Qubit Protein Assay Kit (Life Technologies, Carlsbad, CA) in compliance with the manufacturer's protocol. Disulfide bonds were reduced using 100 mM dithiothreitol (DTT) at a ratio of 1:10 DTT/sample volume and incubated at 50 °C for 45 min. Cysteine bonds were then alkylated with 200 mM iodoacetamide at the same volume ratio for 20 min at room temperature. Finally, protein was digested with trypsin (G-Biosciences, St. Louis, MO) at a 1:50 ratio of trypsin/protein, and incubated at 37 °C for 12 hr.
High resolution nano-HPLC tandem mass spectrometry analysis. The peptide samples were subjected to Thermo Scientific Orbitrap Fusion Tribrid with an Easy-nLC 1000 ultra-high pressure LC on a Thermo Scientific PepMap 100 C18 column (2 μ m, 50 μ m × 15 cm). The peptides were separated over 115 min gradient eluted at 400 nL/min with 0.1% formic acid (FA) in water (solvent A) and 0.1% FA in acetonitrile (solvent B) (5-30% B in 85 min, followed by 30-50% B over 10 min and 50-97% B over 10 min). The run was completed by holding a 97% B for 10 min. MS1 data was acquired on an Orbitrap Fusion mass spectrometry using a full scan method according to the following parameters: scan range 400-1500 m/z, Orbitrap resolution 120,000; AGC target 400,000; and maximum injection time of 50 ms. MS2 data were collected using the following parameters: rapid scan rate, HCD collision energy 35%, 1.6 m/z isolation window, AGC 2,000 and maximum injection time of 50 ms. MS2 precursors were selected for a 3 s cycle. The precursors with an assigned monoisotopic m/z and a charge state of 2-7 were interrogated. The precursors were filtered using a 60 s dynamic exclusion window. MS/MS spectra were searched using Thermo Scientific Proteome Discoverer software version 2.0 with SEQUEST ® against uniprot Caenorhabditis elegans database (TaxID = 6239). Precursor and fragment mass tolerances were set to 10 ppm and 0.8 Da respectively and allowing up to two missed cleavages. The static modification used was carbamidomethylation (C). The high confidence level filter with false discovery rate (FDR) of 1% was applied to the peptides. Protein relative quantitation was achieved by extracting peptide areas with the Proteome Discoverer 2.0 (Thermo Scientific, San Jose, CA) and 3 unique peptides per protein were used for the protein quantitation analysis. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 65 partner repository with the dataset identifier PXD004173.
RNA interference. RNA interference was conducted by feeding C. elegans with E. coli strain HT115(DE3) expressing double-stranded RNA (dsRNA) that is homologous to the target gene of interest 66, 67 . Briefly, E. coli with the appropriate vectors was grown in LB broth containing ampicillin (100 μ g/ml) at 37 °C overnight, and plated onto NGM plates containing 100 μ g/ml ampicillin and 3 mM isopropyl β -D-thiogalactoside (IPTG). RNAi-expressing bacteria were allowed to grow overnight at 37 °C. L2 or L3 larval worms were placed on RNAi or vector control plates for 2 days at 20 °C until nematodes became gravid. Gravid adults were then transferred to fresh RNAi-expressing bacterial lawns and allowed to lay eggs for 1 hr at 25 °C to synchronize a second-generation RNAi population. The gravid adults were removed and eggs were allowed to develop at 20 °C to reach young adult stage for subsequent assays. Clone identity was confirmed by sequencing. unc-22 RNAi was included as a positive control in all experiments to account for RNAi efficiency.
Fluorescence imaging. Gravid adult Phsp-4::GFP(zcIs4) or octr-1(ok371);Phsp-4::GFP(zcIs4) were transferred to NGM plates seeded with E. coli OP50 for 1 hr at 25 °C to lay eggs. Gravid adults were removed from NGM plates and the eggs were allowed to hatch at 20 °C. Young adults were then exposed to P. aeruginosa PA14 or E. coli OP50 at 20 °C for 24 hr. Worms were observed under Leica MZ10F microscope and fluorescence images were taken using LAS V4.5 software. Binary mean intensity was measured by ImageJ software.
Translation inhibitor treatment. Three thousand one hundred twenty five μ l of 50 mg/ml G418 (Roche, New York, NY) or 750 μ l of 50 mg/ml Hygromycin B (Mediatech, Inc. Manassas, VA) was added to 250 ml NGM medium, respectively, to make corresponding G418 or Hygromycin B plates using 6 cm Petri dishes. 100 ml overnight E. coli OP50 cell culture was centrifuged at 4000 rpm for 10 min. Concentrated E. coli OP50 was seeded on the above translational inhibitor plates. Synchronized wild-type and octr-1(ok371) worms at young adult stage were transferred to NGM plates containing E. coli OP50 with or without translation inhibitor for survival assays and scored over time. The survival assays were performed at 25 °C and live worms were transferred daily to fresh plates. Worms were scored at the times indicated and were considered dead when they failed to respond to touch.
RNA isolation.
Gravid adult wild-type and octr-1(ok371) worms were transferred to NGM plates seeded with E. coli OP50 for 1 hr at 25 °C to lay eggs. Gravid adults were removed from NGM plates and the eggs were allowed to hatch at 20 °C for 3 days. Young adult worms were then exposed to NGM plates containing E. coli OP50 with or without translation inhibitor at 25 °C for 4 hr. After 4 hr, worms were collected and washed with M9 buffer, and RNA was extracted using QIAzol lysis reagent and purified with RNeasy Plus Universal Kit (Qiagen, Valencia, CA).
Quantitative real-time PCR (qRT-PCR).
Total RNA was obtained as described above and subjected to reverse transcription as suggested by High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Scientific RepoRts | 6:36832 | DOI: 10.1038/srep36832
Foster City, CA). Quantitative PCR was conducted on StepOnePlus Real-Time PCR system using Power SYBR Green PCR Master Mix in a 96-well plate format (Applied Biosystems). Fifty nanograms of cDNA were used for real-time PCR. Twenty-five microliter reactions were set-up and performed as outlined by the manufacturer (Applied Biosystems). Relative fold-changes for transcripts were calculated using the comparative C T (2 −ΔΔC T ) method and normalized to pan-actin (act-1, -3, -4) . Cycle thresholds of amplification were determined by StepOne Software v2.3 (Applied Biosystems). All samples were run in triplicate. Primer sequences are available on request.
Statistical Analysis. For the proteomics study, protein levels between experimental groups were statistically compared using TIGR Multiexperiment Viewer v4.9 (MeV, http://www.tm4.org/mev.html). The relative quantities of the proteins were compiled as tab-delimited text files and input into MeV v4.9. t-tests were performed between experimental groups with 5 replicates in each group. The program generates 2 text files with significantly different proteins and non-significantly different proteins in separate files along with P-values of each comparison. P-values < 0.05 are considered significant. For the C. elegans survival assays, animal survival was plotted as a non-linear regression curve using the PRISM (version 6, GraphPad Software, Inc. La Jolla, CA) computer program. Survival curves were considered different than the appropriate control indicated in the main text when P-values were < 0.05. Prism uses the product limit or Kaplan-Meier method to calculate survival fractions and the logrank test (equivalent to the Mantel-Heanszel test) to compare survival curves. A two-sample t test for independent samples was used to analyze qRT-PCR results; P-values < 0.05 are considered significant. All the experiments were repeated at least 3 times, unless otherwise indicated.
